Abstract Compound action potentials (CAPs) evoked by the short Japanese syllables /a/ and /ka/ were recorded by extratympanic electrocochleography in 17 subjects with normal hearing (17 ears) and 34 patients with sensorineural hearing losses (35 ears) to investigate the temporal aspects of speech coding for perception. In normal ears, three characteristics were found common to the temporal patterns of all CAPs: (1) a prominent CAP at the beginning of both stimuli; (2) periodic CAPs with the same interval as the pitch period through the vowel part of both stimuli; (3) absence of a prominent CAP at the onset of voice. These characteristics may help to produce consonant recognition. Among the subjects with sensorineural hearing loss, some ears showed the following two characteristics different from those with normal hearing: (1) a significantly lower CAP at the onset of both stimuli than in those with normal hearing; (2) decay of CAPs during the voiced part. These findings may result in abnormal loudness perception in sensorineural hearing loss as produced by loudness recruitment and pathological adaptation. Such different temporal patterns of CAPs may have an adverse influence on the speech discrimination of patients with sensorineural hearing impairments.
Introduction
It is generally known that frequency information from sound stimuli is transformed into spatial patterns by different characteristic frequency (CF) fibers innervating the different cochlear regions along a tonotopically ordered spatial axis. Initial studies of speech coding in the cochlea, carried out from the aspect of frequency information, revealed that the frequency characteristics of speech called formant give some recognizable cues to vowels and certain consonants [1, 2] , while the recognition of other consonants or recognition under special circumstances (at high sound levels or with background noise) is unexplainable only on this basis [7, 10] . Recent psychoacoustic studies have shown that temporal information on sound stimuli plays some role in speech perception [3, 5] . Investigators of brain functions have used magnetoencephalograms to demonstrate that temporal information of the CV syllable is expressed through differences in auditory-evoked fields in the auditory cortex [6, 8] . Physiologically, temporal information of sound stimuli in the cochlea is the temporal pattern of firings of each of the characteristic frequency fibers. Research in anesthetized animals has shown that the temporal patterns of firings of single fibers evoked by speech stimuli include information on the formant or formant transition of consonants [9, 11, 13] . However, spontaneous firing of single fibers during silence are unrecognized. This indicates that the firing of single fibers is selected in speech perception, in that some are blocked and others are extracted.
We have hypothesized that the synchronized firing of many fibers represents temporal information on speech perception. Accordingly, two series of experiments on compound action potentials (CAPs) of the human cochlea were performed to investigate the temporal speech coding for speech perception in normal and hearing-impaired individuals.
In the first study, CAPs were evoked by vowel and consonant-vowel syllables in subjects with normal hearing to investigate the temporal aspects of perception of consonants. In our second investigation, CAPs were evoked by vowel and consonant-vowel syllables in patients with sensorineural hearing losses compared with those in normal ears to investigate what prevented these subjects from discriminating consonants.
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Electrocochleographic documentation of temporal findings of speech perception in normal and hearing-impaired individuals CAPs were considered to be suitable for assessing temporal information because they represent the synchronized firing of many single fibers in the cochlea and have no influence from characteristic frequencies.
Subjects and methods

Normal hearing subjects
Seventeen healthy Japanese volunteers (11 men and 6 women) with normal hearing participated in the present study. None had a history of disease causing hearing impairment. Ages ranged from 24 to 36 years (average 28.3). All were younger than the subjects with hearing loss in order to avoid the possible influence of presbyacusis. Only right ears were tested, with pure-tone audiometry documentary that sound perception was better than 20 dBNHL at 0.25, 0.5, 1, 2 and 4 kHz.
Subjects with hearing loss
Thirty-five ears were examined in 34 patients (18 men and 16 women) with known sensorineural hearing impairments. Causes of hearing loss were Menière's disease (n = 10), sudden deafness (n = 10), a large vestibular aqueduct, steroid-responsive hearing loss, round window rupture, meningitis, and streptomycin-induced hearing loss. An etiology was unknown in 9 cases. Patients' ages ranged from 19 to 81 years (average 50.6). Pure tone audiometry showed that their average hearing levels were 40.0 dB, 36.1 dB, 32.9 dB, 35.0 dB and 42.3 dB at 0.25, 0.5, 1, 2 and 4 kHz, respectively.
Electrocochleography
A block diagram of the stimulus-generating and recording equipment for extratympanic electrocochleography (ECochG) is shown in Fig. 1 . Each subject was placed on a bed and tested in an electrostatically shielded room. A 0.7 mm in diameter silver ball electrode was enameled except at the tip and was used as the active electrode. This was pasted to the tympanic annulus, while a reference electrode was placed on the ipsilateral retroauricular skin and a ground electrode placed on the forehead. Evoked signals were recorded with low-cut (100 Hz) and high-cut (5000 Hz) filters, summed 1000 times, and averaged by an evoked potential (EP) recorder (Nihon Koden: MEB5304).
Two Japanese speech sounds were pronounced by a Japanese female and were used for acoustic stimulation: (1) a vowel /a/ of 80 ms duration and (2) a consonant-vowel syllable /ka/ of the same duration. In order to cancel the effect of cochlear microphonics, the stimuli were alternated in polarity using a signal editing program (Digidesign: Sound designer II) on a computer (Macintosh Quadra 950). All sounds were recorded on one track of a digital audio tape (DAT) through a digital interface. The stimulus rate was two times per second. Recorded stimuli were played back on the DAT recorder, while the subjects listened through electrically shielded headphone. The sound level of the vowel part of these two stimuli was set at 85 dBSPL for all patients.
Trigger signals synchronized to the onset of the stimuli were put on the other track of the DAT and delivered to the external trigger input of the EP recorder (Fig. 2) . All signals evoked during simulations were analyzed.
Results
Normal hearing subjects
A typical response evoked by the speech stimulus /a/ is shown on the upper line in Fig. 3 . There were two characteristics common to all 17 subjects: (1) a prominent CAP was observed at the beginning of the evoked signals, although the sound waveform of stimulus had a lower sound pressure at its onset (see Fig. 2 ); (2) periodic CAPs with the same intervals as the pitch period of the voice were observed throughout the vowel /a/.
492 Fig. 1 Block diagram of instrumentation. Evoked potentials were measured from the extratympanic electrode. Stimuli and triggers were recorded on separate tracks of the digital audio tape (DAT). The triggers were delivered to the external trigger input of the EP recorder Fig. 2 The speech stimuli are illustrated in the upper lines of both pictures: the stimuli were cut off at the end of a pitch (at the point of phase 0) and were of about 80 ms in duration. The original stimuli and the inverted stimuli were played back alternately. The triggers are illustrated in the lower lines and were set to synchronize to the onset of the stimuli To evaluate the relative amplitude at the onset of stimuli, the onset/duration ratio was defined as follows: onset/duration ratio = (amplitude of the CAP at stimulus onset)/(average amplitude of a series of 5 periodic CAPs with the highest-amplitude CAP as the third of five). If the largest CAP was the last or second last, the final series of 5 CAPs was selected and vice versa if the largest CAP was the first or second one. The onset/duration ratio for the vowel /a/ in the normal volunteers ranged from 1.07 to 1.90, with an average of 1.41 (Fig. 5A) .
A typical response to the consonant-vowel (CV) syllable /ka/ is shown on the lower line of Fig. 4 . There were three characteristics common to all volunteers. (1) a prominent CAP was also found at the onset of the stop consonant /k/; (2) no prominent CAP was evoked at the voiced onset; (3) periodic CAPs with the same intervals as the pitch period of the voice were observed throughout the voiced segment.
The onset/duration ratio of the syllable /ka/ in the normal volunteers ranged from 1.50 to 2.97, with an average of 1.97 (Fig. 5B) .
Subjects with hearing losses
The responses of the patients with sensorineural hearing losses were similar to those of the subjects with normal hearing, except for the following two characteristics:
1. Some patients showed relatively lower CAP at the onset of both the vowel /a/ and the CV syllable /ka/ (Fig. 3) . The onset / duration ratio of the vowel /a/ varied from 0.00 to 2.10, while that of the CV syllable /ka/ ranged from 0.00 to 2.88 (Fig. 5) . The average values of the ratio for both speech stimuli were significantly lower than in the subjects with normal hearing (P < 0.01), particularly in the Menière's disease patients (Fig. 6 ).
2. In four ears (two with sudden deafness, one with Menière's disease and one with an unknown cause), periodic CAPs during the voiced part obviously decayed with passage of time (Fig. 7) . 
Discussion
In the subjcts with normal hearing, prominent CAPs were evoked at stimulus onset and were thought to represent the response to the sudden onset of sound. The stop consonant /k/, however low the sound level was, gave rise to the sudden change of sound level, because a stop consonant always brought a preceding silent interval, even in a sequence of speech. Thus, we assume that it generates synchronized firing of many fibers, which may provide a strong temporal cue that enables this consonant to be perceived easily. Throughout the vowel segments using both /a/ and /ka/, periodic CAPs with the same interval as the pitch period of the vowel were observed. This suggests that neural firing was phase-locked to the fundamental frequency and that this frequency was coded to the temporal information as well as frequency information for the CFs.
No prominent CAP was evoked at the voiced onset of /ka/ despite the prominent CAP at the onset of the single vowel /a/. This was thought to be due to masking of the consonant /k/ by high frequency noise. This findings may help to distinguish the vowels in CV syllables from single vowels even when the consonant in the syllable cannot be perceived Our findings indicate that temporal coding of speech stimuli is possibly an important cue for recognizing speech sounds. Patients with sensorineural hearing loss were investigated in our present study in an attempt to explain their lack of speech recognition. CAPs at the onset of both stimuli in our patients were less conspicuous than in our control subjects with normal hearing and both sequences of CAPs resembled each other. This could be one cause of mistaking /a/ for /ka/, and vice versa. The depression of responses at the onset is explainable by loudness recruitment. Loudness recruitment is thought to result from impairment or loss of the active process in the cochlea, which enhances sensitivity to low-input sound levels [12] . This is compatible with our findings that patients with Menière's disease, which is generally believed to be caused by cochlear defects, showed more marked CAP changes.
Decay of the amplitude of periodic CAPs in the vowel part of the stimulus can be attributed to pathological adaptation. Jerger and Jerger [4] reported that abnormal metabolic processes in the cochlea or auditory nerve sometimes caused a very rapid decrease in neural responses, although the response to the onset of a sound may be normal or near normal. This effect is usually greater in patients with defects of the nerve fibers than in those with cochlear damage, so that pathological adaptation is useful in the differential diagnosis of cochlear and retrocochlear defects. Our present study showed that speech signals coded in the cochlea can be abnormally intonated due to pathological adaptation, which may reduce the speech discrimination of patients with hearing impairment, especially those with retrocochlear defects. Thus, abnormal loudness perception in sensorineural hearing loss may affect temporal information related to speech perception. Our present findings have demonstrated one method to illustrate the temporal cues for speech perception in subjects with normal hearing and the abnormalities of speech perception in patients with sensorineural hearing loss.
